We report a sandwich-type SERS-based immunoassay using a two-dimensional (2D) array of gold core@silver shell (Au@Ag) nanoparticles (NPs) as the SERS substrate and antibody-conjugated gold NPs labeled with 4-mercaptobenzoic acid (MBA) as the SERS probes. To achieve highly sensitive detection, the size of the SERS probes was first optimized for the immunoassay of Human-IgG (H-IgG), where the Au core size of the SERS probes was varied from 26 to 110 nm in diameter. The maximum SERS intensity was observed at an Au core size of 53 nm. Then, the influence of the size of the sandwich immunocomplexes on the sensitivity was examined by performing sandwich SERS immunoassays for H-IgG and prostate-specific antigen (PSA) using SERS probes with 53 nm Au core size. The sensitivity improvement by using the SERS substrate (2D-array of Au@Ag NPs) instead of an Au evaporated film, which was used as a reference substrate, was evaluated for each immunoassay. The sensitivity improvement for H-IgG and PSA detection was 2.3-fold and 6.4-fold, respectively. The larger sensitivity improvement for the PSA system can be attributed to the smaller immunocomplex of PSA; the shorter separation distance between the SERS probes and the SERS substrate induces stronger plasmon coupling. This result indicates that the sensitivity of the sandwich-type immunoassay performed on the SERS substrate increases with decreasing size of sandwich immunocomplex, suggesting that the sensitivity can be improved by adopting an antibodyfragment with the same affinity for the target antigen as that of the antibody.
Introduction
Surface-enhanced Raman scattering (SERS)-based immunoassay has attracted much attention as an ultrasensitive detection method for analytes in biological samples. [1] [2] [3] [4] The extrinsic SERS immunoassay is the platform for detecting target antigens using metal nanoparticles (MNPs), such as gold nanoparticles (AuNPs), 5 gold nanostars, 2 and their aggregates, 6 labelled with a Raman reporter molecule and the detection antibody, which are called 'SERS probes'. 7 The Raman scattering efficiency of the reporter molecule is signicantly enhanced by the strong electromagnetic eld near the MNP surface when the localized surface plasmon is excited by the incident laser light. Using this electromagnetic SERS effect, the target antigens can be detected with high sensitivity by measuring the Raman spectrum of the reporter molecule. Thus, the tuning of the localized surface plasmon resonance (LSPR) of MNPs, which depends on their size, shape, and material, [8] [9] [10] to the excitation light is crucial for highly-sensitive detection.
The sensitivity can be improved further by performing the immunoassay on SERS-active substrates, such as two-dimensional (2D) arrays of gold nanotriangle, 2 gold nanostar, 11 gold nanosphere, 12 and gold core-silver shell (Au@Ag) nanoparticles (NPs) 4 formed on solid substrates. Many research groups reported a variety of combinations of the SERS probe and SERS-active substrate, demonstrating the ultrasensitive detection of analytes. 3, 4, 13 This sensitivity improvement comes from the plasmon coupling between the SERS probe and the SERS-active substrate, whose strength becomes strong as the separation distance decreases. In sandwich SERS immunoassay, the capture-antibody/ antigen/detection-antibody complex (sandwich immunocomplexes) certainly acts as the separation barrier between the SERS probe and the SERS-active substrate. Thus, the size of sandwich immunocomplex should strongly inuences the sensitivity of immunoassay. Recently, Nguyen et al. 11 reported that in a sandwich SERS-based immunoassay, the SERS intensity was enhanced 2.4-fold at a certain concentration of target antigen by using Fab fragments (3 nm in size) instead of intact antibodies (13 nm in size). However, only a very small sensitivity improvement was observed: i.e. the slope in the sensitivity curves (the relation between the concentration of target antigen and the SERS intensity) was increased only by a factor of 1.2. Thus the inuence of immunocomplex size on the sensitivity was still not conrmed.
In addition to the immunocomplex size, the metal core size of SERS probes should inuence the plasmon coupling, because the strong electromagnetic eld associated with the LSPR of MNPs decays with a length scale of the MNP size. [14] [15] [16] This means that the larger metal core allows larger separation distance between the SERS probe and the SERS-active substrate. Moreover, the number of Raman reporter molecules on a single SERS probe increases with increasing metal core size, resulting in the increase of Raman signal from a single SERS probe. However, for MNPs larger than 25 nm in size, the enhancement eld at the MNP surface decreases with increasing MNP size due to the retardation effect. [17] [18] [19] Therefore, the metal core size of SERS probe must be optimized for improving the sensitivity.
To realize high-sensitive sandwich-type SERS-based immunosensors, we focus on the combined use of SERS-active substrates and SERS probes. In this study, the inuence of the sizes of SERS probe and sandwich immunocomplex on the sensitivity of SERS immunoassay was investigated. Here, 2D arrays of Au (42 nm-core)@Ag (4.5 nm-shell) NPs, whose LSPR was tuned to a He-Ne laser line of 632.8 nm, on ITO substrates 20 were used as the SERS-active substrates. The SERS probes are AuNPs functionalized sequentially with 4-mercaptobenzoic acid (MBA), heterobifunctional polyethylene glycol (HS-PEG-COOH), and the antibody specic to a target antigen. MBA was selected as the Raman reporter molecule because it shows strong Raman bands at 1099 and 1596 cm À1 (ref. 21 ) and has a carboxyl group for antibody immobilization. First, to nd the optimal SERS probe size, the sandwich immunoassay for Human-IgG (H-IgG) was performed using SERS probes of different Au core sizes from 26 to 110 nm. The highest SERS intensity (sensitivity) was observed at an Au core size of 53 nm. The sensitivity was improved approximately 2-fold by using SERS probes with 53 nm Au core size instead of those with 26 or 110 nm Au core size. Next, to examine the inuence of the size of sandwich immunocomplex on the sensitivity, the sandwich immunoassays for H-IgG and prostate-specic antigen (PSA) detection were performed using the SERS probes with 53 nm Au core size. H-IgG and PSA were selected as representative large and small sandwich immunocomplexes, respectively. Since the molecular weights of H-IgG and PSA antibodies are approximately 150 kDa, the difference in size between these two immunocomplexes comes from the size difference of antigen. 
SERS probe synthesis
SERS probes with different sizes of Au cores were prepared in the following steps: (i) synthesis of citrate-capped AuNPs of different sizes, (ii) labeling and stabilizing the AuNPs with MBA and PEG molecules, respectively, and (iii) antibody immobilization. Since the detailed preparation process of the SERS probes is described in ESI, † here only the preparation ow is presented. Citrate-capped AuNPs of different sizes were synthesized by a seed-mediated growth method. 22 Then, the AuNPs were labeled with MBA, and subsequently treated with SH-PEG-COOH in order to acquire the dispersion stability of SERS probes. The condition of the MBA and SH-PEG-COOH treatment was optimized considering a balance between the SERS intensity and the dispersion stability of SERS probes (see ESI †). Aer the solvent (DI water) of AuNPs was exchanged with a PBS solution, the carboxyl groups of MBA and SH-PEG-COOH binding to AuNPs were activated by EDC and NHS. Then, the antibody (anti H-IgG or PSA monoclonal detection antibody) was chemically immobilized on the activated AuNPs, and the non-specic binding site was blocked by BSA. Aer purifying the PBS solution of PEGylated MBA-labeled immunogolds, the solution was immediately used for immunoassay. When the solution could not be used immediately for some reason, it was stored at 4 C within 10 min, and used shortly aer additional sonication for 2 s. Hereaer, the PEGylated MBA-labeled immunogolds are referred to as SERS probes, and for simplicity the size of SERS probe is specied by the Au core diameter; i.e. the 50 nm-SERS probes are prepared from AuNPs of 50 nm in diameter.
Sandwich immunoassay protocol
The sandwich immunoassays for H-IgG and PSA were performed on the SERS substrates (2D arrays of Au (42 nm-core) @Ag (4.5 nm-shell) NPs) and Au evaporated lm substrates (reference substrates). The preparation process of both substrates was already reported in ref. 4 . The size distribution of the constituent Au@Ag NPs used in this study was 51 AE 4 nm ( Next, 10 mL of a PBS solution containing SERS probes was pipetted onto the immunosubstrates, and the solution was kept on the substrates for 10 min to complete the antigen-antibody binding. To remove unreacted SERS probes, the substrates were rinsed sequentially with TPBS, PBS solution, and DI water and dried under N 2 gas ow. Finally, the Raman spectra of the substrates were measured. The protocol of immunoassay for PSA was the same as that for H-IgG, except for the following conditions; the concentration of the PSA capture-antibody in PBS solution was 1 mg mL À1 , and the capture-antibody was incubated at room temperature (RT) for 6 h; the incubation for immobilizing the PSA antigen was performed at RT for 3 h; and the SERS probe immobilization was carried out at RT for 3 h. The protocols of the sandwich SERS immunoassays for H-IgG and PSA are illustrated in Scheme 1. The immunoassay conditions for the two systems were determined based on those reported in literatures. 2, 5, 13 The SEM image of an immunosubstrate for PSA was shown in Fig. S6c . †
Instrumentation
The extinction spectra of the AuNPs colloidal solutions and the SERS substrates were measured with a V-670 UV-VIS-NIR spectrophotometer (Jasco, Japan). The scanning electron microscope (SEM) images of the AuNPs, SERS substrates, and SERS probes were taken with a FE-SEM S-4800 (Hitachi, Japan). The FTIR spectra of the PEGylated-MBA-AuNPs and SERS probes were obtained with a FTIR spectrometer (Nicolet 4700) in an attenuated total reection (ATR) geometry using a diamond prism. The Raman measurement was performed with a microRaman spectrometer system (Lambda Vision MicroRAM-300) equipped with a He-Ne laser and a charge-coupled device (CCD) detector. The excitation laser light of a wavelength of 632.8 nm was focused on the substrate surface with a 50Â objective lens (NA ¼ 0.75), and the excitation power was 100 mW at the surface. The laser spot size was estimated to be 4 mm in diameter. The Raman scattered light was collected by the same objective lens and dispersed with a single spectrograph with a focal length of 300 nm and a grating of 600 grooves per mm. The Raman spectra were acquired with an exposure time of 50 s.
To improve the signal-to-noise ratio and reduce the data scattering originating from the spatial non-uniformity, typically the spectra measured at ve different positions were averaged. The Raman measurement was performed within a day aer completing the SERS probe immobilization.
Result and discussion

Characterization of SERS probes
First, we examined the size distribution and shape uniformity of the Au core particles. The SEM images of citrate-capped AuNPs of different sizes are shown in Fig. 1a , indicating that the shape is nearly sphere for all the sizes. The size distribution (average AE standard deviation) evaluated from one hundred particles in the SEM images taken with a magnication of 100k was: 26 AE 2 nm, 31 AE 2 nm, 42 AE 4 nm, 53 AE 5 nm, 77 AE 8 nm, and 110 AE 8 nm.
The relative standard deviation was approximately less than 10% for all the sizes. The uniformity of AuNPs is crucial for examining the probe size dependence of the sensitivity of immunoassay. Fig. 1b shows the extinction spectra of the PBS solutions of SERS probes of different sizes. The maximum of the extinction band assigned to the LSPR was located at 529, 534, 543, 553, 575, and 607 nm for the 26, 31, 42, 53, 77 nm and 110 nm-SERS probes, respectively, and the band width increased with increasing particle size. Similar spectral change of the LSPR band with increasing particle size was commonly observed for aqueous colloidal solutions of AuNPs. 18, 23, 24 The spectral change is attributed to the electromagnetic retardation effects in larger particles, which increases the contribution of higher-order plasmon modes to the extinction spectra for larger particles. 25 The LSPR of the SERS probes was slightly red-shied (2-3 nm) compared to that of the citrate-capped AuNPs of the same size, which was induced by capping AuNPs with MBA, PEG and antibody (data not shown). No broad extinction band related to agglomeration of SERS probes was observed at a longer wavelength, indicating that all the SERS probes were well dispersed in PBS solution. Fig. 1c shows the Raman spectrum of the 53 nm-SERS probes drop-casted on a Si substrate, together with that of solid MBA. The very strong Raman bands assigned to the n 12 and n 8a aromatic ring vibrations 26, 27 were observed at 1089 and 1587 cm
À1
for the SERS probes. These peak positions were slightly lower than those of solid MBA (1112 and 1607 cm À1 , respectively). From these peak shis, we conrmed that MBA was chemisorbed on AuNPs. 26 In this study, the 1587 cm À1 band was used for detec- . The successful immobilization of antibody on the PEGylated MBA-labeled AuNPs was conrmed by measuring the FTIR spectra in an ATR geometry. Fig. 1d shows the IR spectra of the PEGylated MBA-labeled AuNPs and SERS probes drop-casted on Si substrates. In the spectrum of PEGylated MBA-labeled AuNPs, the IR bands assigned to the C]O stretching of COOH group and the C-S vibration 28 were observed at 1691 and 1111 cm À1 , respectively. The observation of these bands indicates the existence of MBA and/or SH-PEG-COOH molecules chemisorbed on AuNPs. Aer antibody immobilization, the 1691 cm À1 band disappeared and the bands assigned to the C]O of the amide bond and the N-H stretching of antibody appeared at 29 From these spectral changes, the antibody was conrmed to be immobilized on the SERS probes via the amide linkage.
Inuence of SERS probe size on the sensitivity of SERS immunoassay
To roughly examine the inuence of the SERS probe size on the sensitivity of immunoassay, the sandwich immunoassay for HIgG was performed on the SERS substrates using SERS probes of different sizes (26, 31, 42, 53, 77 , and 110 nm in diameter) at a constant target analyte concentration of 1 ng mL À1 . Fig. 2a shows the SERS spectra of the sandwich immunoassay. The intensity of the characteristic bands of MBA increased with increasing probe size until 53 nm and then decreased. The probe size dependence of the 1587 cm À1 band intensity is shown in Fig. 2b , which clearly shows that it becomes maximum at a probe size of 53 nm. This result suggests that the size of the SERS probes that provide the highest sensitivity enhancement lies about 50 nm. The sensitivity of SERS immunoassay must be discussed based on the slope of the sensitivity curve, which is the relationship between the SERS intensity and the concentration of target analyte. Thus, we determined the sensitivity curves of the sandwich immunoassay for SERS probe sizes of 26, 53, and 110 nm, which were selected as representative small, middle, and large probe sizes. The concentration of H-IgG antigen was varied from 0.1 pg mL À1 to 10 ng mL À1 by serial dilutions of HIgG antigen solution. 0.86) for 110 nm-probe. By comparing their slopes, the sensitivity of immunoassay using 53 nm-probes was found to be approximately 2-fold higher than those using 26 nm-and 110 nm-probes. This probe size dependence of the immunoassay sensitivity is in good agreement with that of the SERS intensity at a constant H-IgG concentration shown in Fig. 2b . From these results, we conclude that the optimal SERS probe size is 53 nm. Here, we should note that the optimal size of SERS probes depends on the structure of SERS-active substrates used for immunoassay. We would like to discuss briey why the maximum sensitivity is observed at a SERS probe size of 53 nm. Fig. 4a shows the representative SEM images of the immunoassay substrates performed at a constant H-IgG concentration of 1 ng mL À1 using SERS probes of different sizes (the corresponding SERS data are shown in Fig. 2) . One can distinguish between the SERS probes and the Au@Ag NPs of the SERS substrate by the difference in size and brightness. The SERS probes situated at the top layer of 2D array appear brighter in the SEM images than the Au@Ag NPs. By counting SERS probes in the SEM images (3.5 Â 2.5 mm 2 ) taken at ve different positions, their surface density was evaluated. The result is shown in Fig. 4b . The immobilized probe density decreased with increasing probe size, indicating that the immobilization probability of SERS probes decreased with increasing probe size. This may be due to insufficient binding strength of antigen-antibody for immobilizing large SERS probes. From the observed SERS intensity (I ob ), the probe density (d p ), and the excitation laser spot diameter (w L ¼ 4 mm), the SERS intensity per a single SERS probe (I s ) can be calculated by
. I s is proportional to the effective Raman cross-section of a single SERS probe. The calculated results are shown in Fig. 4c , indicating that the effective Raman crosssection increases with increasing probe size. This probe size dependence can be understood by considering the following two effects: one is the increase of Raman reporter molecules with increasing probe surface area, and the other is the decrease of the electromagnetic eld enhancement effect with increasing probe size due to the electromagnetic retardation effect. In the probe size range of less than 110 nm, the former effect is dominant. In consequence of the balance between the increase of I s and the decrease of d p with increasing probe size, the sensitivity enhancement showed a maximum around a probe size of 50 nm.
Inuence of sandwich immunocomplex size on the sensitivity of SERS immunoassay
The inuence of the size of sandwich immunocomplexes on the sensitivity of SERS immunoassay was examined. PSA and H-IgG were selected as representative small and large sandwich immunocomplexes, 30, 31 respectively, and 53 nm-SERS probes (optimized probe size) were used in these immunoassays. The molecular weights of the H-IgG antibody and antigen, and the PSA antibody (IgG2a isotype) were approximately 150 kDa, whose molecular size was reported to be 15 Â 10 Â 4 nm 3 .
32 The molecular weight of the PSA antigen was 30 kDa, and its molecular size was estimated to be $4 nm in diameter by assuming the shape of PSA antigen as a globular shape, 33 which was in good agreement with the molecular dimension estimated by simulation. 31 Thus, the size difference between the HIgG and PSA sandwich immunocomplexes mainly arises from the difference in size of antigen. It is very difficult to determine the size of sandwich immunocomplex that determines the separation distance between the SERS substrate and SERS probe, because it depends on the alignment structure of the capture-antibody, antigen, and detection-antibody. For simplicity, in this study the size of sandwich immunocomplex was estimated by sum of each component size. Here, the sizes of the H-IgG antibody and antigen and the PSA antibody were assumed to be 12 nm, 30 and the size of the PSA antigen was 4 nm.
The sensitivity curves for the detection of different analytes cannot be compared directly, because the ability of different antibodies to be immobilized onto the surface and the affinity towards their target antigens are different. Thus, the sensitivity enhancement factors obtained by replacing an Au lm with the SERS substrate were evaluated for H-IgG and PSA detection, and then compared. By doing this, the inuence of the size of sandwich immunocomplex on the sensitivity of SERS immunoassay could be investigated. To obtain the sensitivity curves of SERS immunoassay for H-IgG, the concentration of H-IgG antigen solution was varied from 0.1 pg mL À1 to 10 ng mL À1 .
For the control sample, the PBS solution without H-IgG antigen was dropped onto the substrates. immunoassay conducted on the SERS substrate was found to be 6.4-fold higher than that of the Au lm substrate.
By comparing the sensitivity enhancement factors, we found that the sensitivity of the sandwich-type SERS immunoassay increased by a factor of 3 as the size of the sandwich immunocomplex decreased from 36 nm to 28 nm. This result can be understood by the increase of the plasmon coupling between the SERS probe and the SERS substrate with decreasing separation distance, suggesting that the sensitivity of SERS-based immunoassay performed on SERS-active substrates can be improved by adopting an antibody-fragment instead of the antibody. Here, we note that the reduction of the affinity to bind with the target antigen must be avoided in producing antibodyfragments.
The SERS-based immunoassay reported here showed low LODs of 0.3 pg mL À1 (10 fM) for PSA and 0.05 pg mL À1 (0.3 fM)
for H-IgG. The LOD of our system for PSA was lower than or comparable to those of other methods reported previously: 0.1 ng mL À1 for enzyme-linked immunosorbent assay (ELISA) method, 34 4 pg mL À1 for electrochemical immunosensor using carbon nanotube-modied electrode, 35 10 fM for colorimetric immunosensor, 36 and 0.5 pg mL À1 for electrochemical immunosensor using gold nanoparticle lm electrode. 37 The LOD of our immunosensor for H-IgG was lower than those of uores-cent immunoassay (0.8 ng mL À1 ), 38 electrochemical immunoassay (1.2 ng mL À1 ), 39 ELISA-like assay based on gold-enhanced peroxidase-like immunogold (0.3 ng mL À1 ), 40 and electrochemical stripping metalloimmunoassay based on silverenhanced AuNP label (1 ng mL À1 ).
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Conclusion
The inuence of the sizes of SERS probe and sandwich immunocomplex on the sensitivity of sandwich-type SERS immunoassay has been investigated. Antibody-conjugated MBA-labeled AuNPs were served as the SERS probes. To enhance the SERS signal generated from the probe, the immunoassay was performed on the 2D arrays of Au@Ag NPs (SERS-active substrates). The sensitivity of immunoassay for HIgG detection increased with increasing probe size up to 53 nm, and beyond this probe size it began to decrease. We found that the sensitivity could be improved by a factor of 2 by using 53 nm probes, instead of 26 nm-or 110 nm-probes. Next, the inuence of the size of sandwich immunocomplex on the sensitivity was examined by performing the sandwich immunoassay for H-IgG and PSA detection with 53 nm-SERS probes. We found that the sensitivity of the immunoassay increased by a factor of 3 as the size of sandwich immunocomplex decreased from 36 nm to 28 nm. This sensitivity enhancement can be attributed to the stronger plasmon coupling at the shorter separation distance between the SERS probe and the SERS substrate. This nding suggests that the sensitivity of sandwich SERS immunoassay performed on SERS-active substrates can be improved by replacing the capture-and detection-antibodies with antibodyfragments if the affinity of the antibody-fragments to bind with the target antigen is unchanged.
